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Abstract
Several oxy-fuel cycles have been considered in the ENCAP project. These cycles require compressors and turbines that operate
at different conditions and with different gas compositions from conventional heavy-duty gas turbines. Conceptual designs of
selected turbo-machinery have therefore been carried out to assess the feasibility of the proposed components. A compressor and
turbine from the SCOC-CC and S-Graz cycles have been selected for this preliminary design study. The unusual boundary
conditions would ideally require new hardware. As entirely new designs might rule out the commercial realization of these cycles
possible ways of using existing components for the SCOC-CC compressor have been investigated.
© 2008 Elsevier B.V.
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1. Introduction
In the ENCAP large-scale EC project several natural gas-based oxy-fuel cycles were considered. Due to cycle
conditions and gas composition they require unique turbo-machinery for maximum efficiency. Two of the most
efficient cycles, the S-Graz [1,2] and the SCOC-CC [3], were selected for the conceptual design of selected turbo-
machinery components.
A compressor and a turbine from both cycles have been selected for the preliminary design. The aim of the study
was to show that turbo-machinery could be designed at the unusual cycle conditions using conventional, industrial
design practices. The designs reported in the paper have not been optimized and represent a possible configuration.
In a final design parameters such as the number of stages and the annulus shape would be modified to obtain the
optimum solution based on cost, mechanical integrity, risk and performance.
The conceptual designs have been carried out using an in-house code. The code incorporates an inverse through-
flow solver that generates the annulus and blade row performance from input mean-line parameters and the supplied
* Corresponding author. Tel.: +441788531766; fax: +441788531309.
E-mail address: gordon.woollatt@power.alstom.com.
c 2009 lsevier Ltd.
Energy Procedia 1 (2009) 573–580
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2009.01.076
 Open access under CC BY-NC-ND license.
2 Woollatt,G.a, Franco,F.a / Energy Procedia 00 (2008) 000–000
boundary conditions. The gas properties have been modeled assuming an ideal gas with the specific heat a function
solely of temperature. The boundary conditions for the cases considered are given in Appendix 1.
2. SCOC-CC Compressor
The gas in the SCOC-CC compressor is composed largely of carbon dioxide. Therefore compared to air the gas
has significantly lower values of the gas constant and of the ratio of specific heats. Hence to achieve dynamic
similarity with a conventional gas turbine operating in air the compressor should run with approximately a 25%
reduction in the blade speed and a 15% increase in the mass flow. In the SCOC-CC cycle the rotational speed is
3000rpm, i.e. the same value as a conventional gas turbine compressor, while the mass flow of 536.14Kg/s is lower
than that of a typical heavy-duty compressor. Hence the diameter of the SCOC-CC compressor has to be reduced
compared to a compressor running with air in order to reduce the blade speed and the associated Mach numbers.
Further the pressure ratio of 40.13 is higher than current industrial gas turbines. At this high exit pressure the
density of the gas is significantly higher than air. Hence in order to achieve a reasonable hub/tip ratio of the exit
stage (to avoid large clearance losses) either the flow coefficient or the mean radius has to be reduced. If it is
assumed that the flow coefficients should not be reduced below a certain level then the mean radius at the exit must
be lower than in a conventional gas turbine. The lower radius means that for a given level of loading coefficient
(stage enthalpy rise over blade speed squared) more stages are required for a compressor using CO2.
Initially the critical first stage was defined. A range of igv (inlet guide vane) exit angles, mean radii and flow
coefficients were investigated. At a given flow coefficient the loading coefficient was set by a limit on the non-
dimensional stage static pressure rise. Candidate stages were then selected based on design criteria for Mach
numbers and diffusion levels. The Mach number limits are imposed to enable efficient profile design and the
diffusion limits to provide sufficient surge margin. The chosen stage was defined with an igv exit angle of 8 degrees,
with a meanline radius, of 0.75m and with meanline flow and loading coefficients of 0.7 and 0.38. The stage has a
hub/tip ratio of 0.557, a rotor tip Mach number of 1.17 and a stator hub Mach number of 0.82. The ratios of outlet to
inlet velocity (De-Haller number) are conservative with values for the rotor and stator above 0.73.
This initial definition of the first stage was then used to generate candidate multi-stage compressors. It was found
that around 24 stages were required to achieve a pressure ratio of 40 in order to stay within conservative limits of
loading coefficient. A parametric study of a 24-stage compressor was carried out over a range of mean radii, flow
coefficients and loading coefficients of the last stage. Distributions of the above parameters were assumed through
the compressor. The loading coefficients were then adjusted within the preliminary design code in order to achieve
the required pressure ratio. The study was then repeated with the number of stages reduced to 22.
In order to reduce the losses associated with blade tip clearances the hub/tip ratio of the last stage should ideally
be less than 0.9. As mentioned above the SCOC-CC compressor operates in CO2 at a high pressure ratio and hence
the density at exit to the compressor is higher than in conventional gas turbines. Hence if the minimum level of axial
velocity is limited then the only way to obtain reasonable hub/tip ratios is to lower the exit radius. However the
pressure rise capability of a stage reduces as a function of radius (blade speed) squared. Hence as the exit radius was
reduced the level of loading coefficient had to be increased in order to meet the pressure ratio in a given number of
stages. There is therefore a conflict between low loading coefficient (attainable surge margin) and low hub/tip ratio
(reduced sensitivity to clearance losses). The compromise solution was a 24-stage compressor with a meanline
radius of 0.64m and flow and loading coefficients of 0.45 and 0.24. A schematic of the blade path of the final
conceptual design is shown in Figure 1 along with relevant average front, mid and rear stage parameters. (These
final average parameters differ slightly from those of the initial mid-line values quoted above for the first stage.) The
most significant feature is the length of the compressor. The current SCOC-CC is longer than conventional
compressors as the low radius required to achieve reasonable blade heights necessitates more stages. Increasing the
aspect ratios of the blades, reducing the blade row gaps, increasing the loading coefficients or increasing the exit
radius could reduce the length of the compressor. The final configuration would be a trade off between mechanical
integrity, performance and surge margin.
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Figure 1. Annulus of the conceptual design of the SCOCC compressor.
The flow and loading coefficients of the 24 stages are shown in Figure 2. The figure shows lines of constant static
pressure rise coefficient, which is an indication of the possible compressor surge margin. Also indicated are areas
where typical industrial, civil aero and military aero compressors operate. It can be seen that the SCOC-CC
compressor operates at conventional, industrial levels of loading with conservative values of the static pressure rise.
Figure 2. Location of SCOCC and S-Graz stages on the loading coefficient / flow coefficient diagram.
3. S-Graz Compressor
The S-Graz cycle [1,2] contains two compressors C1 and C2. The conceptual design of C1 is considered in this
report. It should be noted that for this cycle it is assumed that the C1 compressor and the associated turbine (see
following) are free to rotate at a required speed and not at 3000rpm. This is in line with the design of the turbo-
machinery in [2] and [3].
The gas composition is essentially 90% water and 10% CO2. This results in a higher value of the gas constant and
a lower value of gamma than a typical heavy-duty compressor. A typical 50Hz gas turbine rotates at 3000rpm and
has a rotor tip diameter of around 1.15m. At the S-Graz cycle mass flow of 194.21Kg/s the dynamically equivalent
compressor operating with the S-Graz gas would rotate at 5933rpm at a tip diameter of .783m. These values are
close to those selected in the S-Graz conceptual design of this study - 5700rpm and .771m.
As with the SCOC-CC compressor a parametric study was initially carried out to define the first stage. For the
S-Graz an additional variable was the rotational speed. Candidate stages were again selected based on design criteria
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for Mach numbers and diffusion levels. Further constraints were applied on the hub/tip ratio (>0.48) and the rotor tip
speed (<60m/s). The hub/tip ratio and rotor tip speed are restricted to ease the mechanical design and are at the limit
of ‘state of the art’ compressors. The chosen stage rotated at 5700rpm and was defined by an igv exit angle of 14
degrees, with a meanline radius of 0.602m and with meanline flow and loading coefficients of 0.7 and 0.393.
These first stage parameters were used as a starting point to generate multi-stage compressors. A constant mean-
line radius of 0.602m was assumed. The required pressure ratio of 16 was obtained by adjusting the input levels of
the loading coefficients for a given number of stages. Initially the loading and flow coefficients were specified to lie
on line representing a static pressure rise coefficient of 0.4. A value of 0.4 is conservative, giving the opportunity for
a wide operating range and in line with current industrial compressors. It was found that 14 stages were needed to
achieve the design pressure ratio at the required level of loading. In operation the front stages will move towards
positive stall at low speeds and the rear stages move towards positive stall at high speeds. The middle stages see less
variation in incidence and remain closer to their design values of loading. It is therefore possible to load up the
middle stages without compromising the surge characteristics of the compressor. The loading distribution of the 14-
stage compressor was therefore ‘bowed’ as illustrated in Figure 2. (A similar approach could be taken with the
SCOC-CC compressor of the previous section.)
The final configuration was obtained by adding an outlet guide vane and by making small adjustments to the
specified stator outlet gas angles, which determine stage reactions. The resulting blade path is shown in Figure 3.
The current overall length of the compressor is 4.039m. However as with the SCOC-CC compressor the length of
the compressor could be shortened by changes to the aspect ratios and blade row gaps.
Figure 3. Annulus of the conceptual design of the S-Graz C1 compressor.
4. SCOC-CC compressor utilizing existing hardware
It seems probable that at the present time a SCOC-CC or S-Graz plant would not be built unless significant parts
of existing gas turbines could be utilized. Further studies were therefore undertaken to establish whether common
components are feasible. It is maintained that an existing compressor could not be used with the same blade
geometry while operating at the same operational speed. However the following suggests possible ways of using
existing hardware. Initial results indicate that the efficiency is likely be compromised. More detailed analyses would
therefore be required to assess the loss in efficiency and its effect on the overall cycle.
The first concept maintains the existing compressor annulus (rotor and casings) but would need new blades
throughout. The preliminary design code was used to assess the changes in flow coefficient required to match the
hub and casing radii of a typical compressor of a 50Hz gas turbine. The stage loadings were adjusted to give the
required pressure ratio of 40. In order to match the existing annulus the flow coefficients had to be reduced to lower
levels than those found in existing compressors. Low flow coefficients are required because of the high density of
the gas used in the SCOC-CC cycle. As the density is high the velocity has to be reduced in order to give the same
annulus as a compressor running on air. The location of the stages on the flow coefficient / loading coefficient
diagram are shown in Figure 4.
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Figure 4. Location of stages utilizing existing hardware on the loading coefficient / flow coefficient diagram.
The re-bladed option has low flow coefficients and correspondingly low loading coefficients and hence operates
at pressure rise coefficients similar to industrial compressors. As this parameter is an indication of the stall margin
potential, the operability of the compressor should not be a problem. The efficiency of the compressor is predicted to
be similar to the bespoke compressor described in Section 2. However this should be checked by further analyses
and tests as the high stagger blades are outside the normal design space covered by the correlations.
The second option uses existing blades and conventional flow coefficients but operates at a modified mass flow
and rotational speed. The concept of dynamic similarity indicates that for a given gas there is a combination of mass
flow and speed at which a blade row will operate at the required aerodynamic design conditions. For CO2 this would
imply operating at a lower speed and a higher mass flow than a row designed for air. The preliminary design code
was initially used to determine the speed and mass flow required to match the front stage of a typical 22 stage
industrial compressor operating at 3000rpm. This was found to be achieved with a mass flow 18.3% greater and a
speed 25% less than the air compressor.
A through flow model of the industrial compressor was then used to assess its performance when operating with
the SCOC-CC gas composition at a speed of 2400rpm (-25% speed). A pressure ratio of 40 was predicted at a mass
flow close to that predicted by the preliminary design code (+18.8%). The stage flow and loading coefficients for
this operating point and one at the lower pressure ratio of 30 are shown in Figure 4.
At the SCOC-CC design point pressure ratio of 40 the rear stages of the compressor are too highly loaded and would
not be accepted as a design point. However at 30:1 the loading level has reduced to acceptable levels. The predicted
efficiency is 1.5% lower than the design point of the compressor operating in air.
In the third option dynamic similarity is achieved by run an existing 3600rpm 60Hz compressor at the slower
speed of 3000rpm. This represents a 20% reduction in speed compared to the 25% reduction required to achieve
dynamic similarity of the front stage. The compressor would therefore be operating at around 5% over speed.
To check the feasibility of this concept a through-flow model of a 60Hz compressor was run using the gas
composition and boundary conditions of the SCOC-CC. As with the previous option, at a pressure ratio of 40 the
rear stages operate at too high a level of loading. Hence the compressor would again have to operate at lower
pressure ratios in order to preserve a reasonable surge margin. The maximum efficiency was predicted at a pressure
ratio of 26.6, which coincides with reasonable last stage loading as shown in Figure 4. The predicted mass flow of
the compressor is 516.4Kg/s, which is close to the SCOC-CC cycle value of 536.14Kg/s. Hence the compressor
could run at the same speed and essentially the same mass flow as the cycle. However, without any modifications to
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the blade geometry, the efficiency is predicted to be around 4% lower than the design point of the compressor
operating in air. For this option (and the previous one) some efficiency might be recovered by re-matching the
stages.
5. SCOC-CC turbine
As with the compressor the working fluid is largely CO2 and hence has a low value of the gas constant compared to
a fuel/air mixture and a correspondingly high density at the high pressure at the inlet to the turbine. All the cooling
air is assumed to have added upstream of the stator and hence no cooling streams are modeled in the conceptual
design.
The number of stages and the values of mean radius, flow coefficient, loading coefficient and stator exit angles
(reaction) were varied until satisfactory levels of Mach number and blade velocity ratios were achieved. The annulus
of the final conceptual design is shown in Figure 5. The aspect ratios of the blades are somewhat arbitrary at this
stage and no attempt has been made to use realistic blade taper ratios.
Figure 5. Annulus of the conceptual design of the SCOC-CC turbine
The hub/tip ratio of the first stage is relatively high (.913) and therefore the efficiency will be sensitive to tip
clearance. A more detailed study would therefore be required in a subsequent design phase. The flow coefficient is
already low (.367) but the radius could be reduced if large clearances are predicted. A decision would also have to
be made as to whether the rotor should be shrouded.
The exit swirl angle (9.4degrees) is reasonable but the exit Mach number (.561) relatively high. The high Mach
number will result in increased diffuser losses and efforts should be made to reduce the Mach number by increasing
the height of the rotor. This will be limited by the mechanical integrity of the rotor. The current value of area2 x rpm
(m2/min), a measure of rotor centrifugal stress, is 44.6E+06. This is less than in some current turbine designs and the
effect of CO2 as the working fluid should be investigated to see if the height of the last rotor blade could be
increased. The aim was to keep inlet Mach numbers less than 0.5, in order to assist profile design, and this has
essentially been achieved. The maximum relative exit Mach number is 1.22, which is within current design practice.
5. S-Graz turbine.
The S-Graz cycle contains two turbines within the gas cycle. The gas is largely steam with around 10% CO2 and
traces of other gases. The T2, which was selected for conceptual design, is characterized by higher temperature and
lower inlet pressure compared to a conventional high-pressure, steam turbine. In the previous study of the C1
compressor it was concluded that the compressor should operate at 5700rpm. This deviates from the concept
considered in the ENCAP study, which assumes that the compressors, turbines and generator are on the same shaft
rotating at 3000rpm. The current T2 turbine design follows the concept of [2] in that a 2-shaft configuration is
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adopted. The early stages operate at the higher rotational speed and drive the compressor, while the remaining stages
run at 3000rpm and contribute to the net power of the cycle.
Initially the front stages were designed. These stages are required to produce the net power of the compressors
(216.28MW). It was assumed that the cooling was distributed through the first two stages. The preliminary design
code was used to carry out a parametric study of the following:
a) 2, 3 and 4 stages
b) Flow coefficients between 0.4 for stage 1 and 0.5 for the last stage
c) Initial loading coefficients between 1.4 for the first stage and 1.1 for the last stage (the level was then
adjusted within the code to meet the required power)
d) Stator exit angles adjusted to give the required levels of reaction
e) Mean radii adjusted to give a hub/tip ratio of around 0.9 for the first rotor
It was found that reasonable levels of stage loading and hub/tip ratio could be achieved in a 2-stage design. The
trade off between the number of stages (cost and shaft length) and efficiency should be investigated in future
studies. The current stages are subsonic with acceptable levels of inlet Mach number for cooled blades.
The exit conditions from the above were used as inlet conditions for the power turbine stages. The speed was set
at 3000rpm and the analyses driven to the required pressure ratio of 10.63. The preliminary design code was used to
design the power turbine in a similar manner to the design of the turbine driving the compressor. The variables in
this part of the study were:
a) 5 and 6 stages
b) Flow coefficients between 0.5 for stage 1 and 0.6 for the last stage.
c) Initial loading coefficients between 1.5 for the first stage and 1.2 for the last stage.
d) Stator exit angles adjusted to give the required level of reaction.
e) Mean radii adjusted to give a reasonable match with the upstream turbine and to limit the hub/tip ratio and
A.N2 of the last stage.
A 5-stage turbine met the design criteria. The stages are again subsonic with acceptable levels of inlet Mach number.
As with the turbine driving the compressor the above represents a viable configuration but further optimization is
required. As previously the trade off between the number of stages and the efficiency should be investigated. Further
the stress in the last rotor should be taken to design limits to reduce the exit mach number and the associated diffuser
loss.
Following the design of the two components the data were combined and analyzed. The resulting annulus is
shown in Figure 6. In a final design the annulus would be smoothed and appropriate blade taper ratios applied. A
duct of area ratio 1.67 connects the two turbines. No attempt has been made to design the shape of the end-walls of
the duct. (In the figure straight lines have been drawn between the trailing edge of the compressor turbine and the
leading edge of the power turbine.). However, the length of the duct is consistent with the Cp* line of [4].
Figure 6. Annulus of the conceptual design of the S-Graz turbine
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Conclusions
Cycles investigated in the ENCAP project required turbo-machinery with gas compositions and boundary
conditions significantly different from those in conventional heavy-duty gas turbines. The conceptual designs of
components within the SCOC-CC and S-Graz cycles have shown that the selected compressors and turbines can be
designed using conventional levels of Mach number, hub/tip ratio, reaction and flow and loading coefficients. The
efficiencies and compressor surge margins of these bespoke components should be similar to a conventional gas
turbine. However these designs require totally new hardware. Means of utilizing existing parts in the design of the
SCOC-CC compressor have been investigated. Based on these preliminary studies parts of existing turbo-machinery
might be able to be used albeit at a possible reduction in efficiency and with a change to the assumed cycle
conditions.
This paper only deals with the aerodynamic consequences of using gases largely consisting of CO2 and water.
The implications on mechanical integrity and blade cooling should be considered in future design phases.
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Appendix 1
Boundary conditions
Variable Units SCOC-CC
Compressor
S-GRAZ
Compressor
SCOC-CC
Turbine
S-GRAZ
Turbine
Inlet total pressure
Exit total pressure
Inlet total temperature
Exit total temperature
Inlet flow rate
Carbon dioxide
Oxygen
Nitrogen
Argon
Water
Molecular weight
bar
bar
K
K
Kg/s
Mol%
Mol%
Mol%
Mol%
Mol%
Kg/Kmol
1.01
40.53
292.15
666.89
536.14
88.17
1.59E-03
4.29
5.35
2.18
42.54
1.00
16.00
387.94
788.45
194.21
9.80
9.22E-04
0.48
0.59
89.13
20.74
39.31
1.06
1504.64
902.26
608.2
78.71
1.42E-03
3.83
4.78
12.68
39.91
40.00
1.19
1698.15
842.65
326.54
11.73
1.10E-03
0.57
0.71
86.99
21.28
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